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ABSTRACT

We present simultaneous high-Tesolution observations of coronal loops at
E Very Lange Ryias "

20vcm wavelength with the ¥uA; and at soft Xfray wavelengths_ ‘with the SMM-FCS.” The
images at 20 cm and soft X=Ttay wavelengths have nearly identical sizes and
ellipsoidal shapes, with a linear extent of about 5 x,lOglcm. This emission
stretches between and across region; of opposite magnetic polarity in the
underl&ing photosphere. Complete Xﬁray coronal loops can therefore be imaged at
20 cm, and the VLA maps describe the radio wavelength counterpart of Xfray coronal
loops. X#%ay spectral lines were used to obtain values of electron temperature, Te
= 2.6 £ 0.1 x 105 K®and electron densi:yK‘Ne = 3.1 * 0.3 x 109 cm'z'averagea over
the emitting area. These parameters are uséa with plausible estimates for the
loop thickness, magqg;ic scale height and magnetic field strength to show that the
plasma is optically thin to thermal bremsstrahlung and optically thick to thermal
gyroresonance radiation at 20 cm.xiThe absence of detectable circular polarization
is consistent with an optically thick plasma. The observed brightness temperature
was roughly equal to the electromn temperature of the coronal plasma. The VLA maps
at 10 closely spaced frequencies between 1440 and 1720 MHz describe the same
coronal loops or arcades of loops. A plot of the maximum brightness temperature
of these loops as a function of observing frequency exhibits a line-like feature
with a central frequency of 1650 MHz and a half-width of 80 Miz. This spectral
feature is attributed to a thermal cyclotron line and indicates that the opticel
depth of thermal gvroresonance radiarion must be greater than that of thermal
bremsstrahlung at these frequencies.(&;ﬁe X-ray values for Te and Ng are combined
with plausible values of magnetic scale heiéﬁt and optical depth for gvroresonance
absorption to show that the harmonic of the gvrofrequency is 4. The central
frequency and narrow width of the thermal cyclotron line are combined with this

harmonic to show that the magnetic field strength of the coronal loops is 147 * 5

G.
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INTRODUCTION

Very Large Array (VLA) observations of solar active regions at 20-cm
wave-length delineate loop-like features that are probably the radio wavelength
counterpart of the coronal loops seen at X-ray wavelengths. The 20-cm coronal
loops stretch across regions of opposite magnetic polarity and have sizes,
shapes, and temperatures that are similar to those of X-ray coronal loops (lLang,

Willson and Rayrole 1982; Llang, Willson and Gaizauskas 1983; Lang and Willson

1983, 198B4). Because the radio brightness temperatures are nearly equal to the
electron temperatures of coronal loops, the radio radiation is most likely due to
a thermal radiation mechanism.

The two possible thermal processes are thermal bremsstrahlung, or free-free

emission, and thermal gyroresonance radiation, or cyclotron emission. The

electron temperatures and electron densities inferred from X-ray observations of

coronal loops can be consistent with either optically thin or optically thick

thermal bremsstrahlung at 20-cm wavelength, but these parameters can also be

:‘L;"{.“"._" /

combined with plausible estimates of the coromal magnetic field strength to show ~y
Pod
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that thermal gvroresonance radiation can also become optically thick at this ;ﬂ
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wavelength (McConnell and Rundu 1983; Shevgaosnkar and Kundu 1984). S
-

Wnen thermel gyroresoanance dominztes, one right detect individual cvclotron ot
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lines as narrow-band enhancemezts in the radio spectra of coronal loops. {b
\ g

v

Theoreticians have predicted that such thermal cyclotron lines might be observed d

if the radiation is emitted from relatively thin lavers in the corona where the
magneczic £field is nearly constant (Syrovatskii and Kuznetsov 1980; Zheleznvakov
and Zlotnik 1980; Kuznetsov and Syrovotskii 1981). The spectirum of a line-like
feature was subsequently observed at wavelengths near 20 cm when the apex of a

coronal loop was resolved (Willson 1985). Observations of these lines provide an

unusually accurate method of specifying the coronal magnegie~£ield streagth. The
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central frequency of the line must be a harmonic of the gyrofrequency, and the narrow
linewidth provides tight constraints on that frequency and the relevant magnetic field
strength,

Although there have been rapid recent developments in the observations of 20-cm
coronal loops, there have been relatively few comparisons of simultaneous 20-cm and
soft X-ray observations. Such comparisons can help specify the dominant 20-cm
radiation mechanism, while also establishing the physical parameters of the coronal
plasma. X-ray spectral lines can, for example, be used to calculate the electron
temperature and electron density while the radio observations can uniquely specify the
strength and structure of the magnetic field.

In this paper, we provide an example in which the coronal radiation at 20-cm and
X-ray wavelengths coincide. The observations are presented in $II, where we also
present radio spectra that are attributed to a thermal cvclotron line. 1In §III, we
provide values for the electron density, electron temperature, and magnetic field
strength in these coronal loops and attribute the 20-cm radiation tc thermal
gyroresonance emission. The X-ray values of electron density and electron temperature
are combined with the 20-cm brightness temperature and the cyclotron line to calculate

the harmonic of the gyrofrequency. OQur results are summarized in §IV.
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II. OBSERVATIONS

We have used the VLA and the SMM-FCS to observe the solar active region AR
4663 on 1985 June 7. The VLA was used in the B configuration at 10 different
wavelengths between 21.8 cm (1440 MHz) and 17.4 cm (1720 MHz) with bandwidths of
12.5 MHz between 1500 UT and 2400 UT on June 7, and the FCS observed five prominent
soft X-ray lines (0 VIII, Mg XI, Si XIII, S ¥V and Fe XXV) between 1500 UT and 1940
UT on June 7. The position of AR 4663 on the solar surface was 01° N and 65° E at
1300 UT on June 7.

The half-power beamwidth of the individual VLA antennae ranged between 26' and
31', and the synthesized maps constructed from up to 325 interferometer pairs had
beamwidths between 3.0" x 3.5" and 3.6" x 4.2". The active region was observed

b with the VLA at successive pairs of wavelengths for 5 min. each, so that all 10

wavelengths could be observed in 25 min.. This sequence of observations was

i followed by successive 2 min. observations of the calibrator source PKS 0552 + 398

S S

whose flux density was 1.7 Jy at 1465 MHz. The calibrated data for the 9 hour
interval were used with the standard CLEAN procedure to make synthesis maps of both
the total intensity, I, and circular polarization or Stokes parameter V. No solar
bursts or flares were observed during this interval, and the synthesis maps

therefore refer to the cuiescent, or non-flariag, radio ezission. There was o 1

] detectable circular polarization ( V/I € 155 ) suggesting that the region was
optically thick to both the extraordinary and ordinary modes of wave propagation a:
20-ca wavelength.

The 14" collimated field of view of the FCS was rastered over a 4' x 4' zrea
with a pixel spacing of 10" x 10". X-ray images were obrtained simultaneously in

the five soft Y-ray emission lines every 930 s throughout the orbital dayv which

TV YV

lasts about 60 min. All of the available data for each spectral line during each

orbit were then summed and averaged to improve the statistical uncertazinty on the
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count rate from each pixel., Significant emission was detected in the two softest
channels -0 VIII and Mg XI. The peak formation temperatures for these lines are 3
x 106 K and 7 x 106 K, respectively. The failure to detect emission in the
harder, more energetic channels indicates that the active region was unperturbed
by any flaring throughout the period of observation. The SMM Bent Crystal
Spectrometer (BCS) confirmed the absence of flares as no significant brightenings
were observed in its Ca XIX channel during these observations.

The PCS also produced a white-light image that showed the sunspots, making
{t possible toc align the X-ray images with the sunspots to an accuracy of 107.
The VLA maps of the total intensity, I, at 20-cm wavelength were aligned with Ha
photographs of the same sunspots with a similar 10" accuracy. This enabled us to
compare the soft X-ray and 20 cm data for the same field of view and angular
scale.

The 20.3-cm (1480 MHz) radiation and the soft X-ray (0 VIII) emission
originated in the same area (Figure 1). Observations at both wavelengths
apparently describe the same coromal loops or arcades of loops. They are about
60" across, which corresponds to a linear extent, L, of about 5 x 109 cz. Both the
radio and the X-ray emission stretch between and across regions of opposi:e

magnetic polarity seen in magnetograms of the underlving photosphere (Figure 2).

The radio-wavelength coronal loops exhibited the same ellipsoidal shape and
extent at 10 closely spaced frequencies ranging from between 1440 Miz (20.8 cm) and
1725 M4z (17.4 em) (Figure 3). The meximum brightness temperatures are given in
Table 1 and plotted as a function of observing Zfrequency in Figure 4. This
spectrumr contains a line-like feature with a central frequency, v, 1650 Mdz and a

full-width-to-half-maximum, Lv, of 80 MHz, As discussed in more detail in §III, we
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attribute this feature to a thermal cyclotron line and use it to obrain an accurate

estimate of the coronal magnetic field strength.

III. DISCUSSION
To identify the dominant thermal radiation mechanlsm at 20 cm, one needs to
know the electron temperature, electron density, and the magnetic field strength.

The X-ray data were therefore used to infer the mean electron temperature, To, and

the mean electron density, No, for the regions marked A, B, and C in Figure 5. As
previously mentioned, the active region was so quiescent and was only detectable in
the two softest X-ray channels (0 VIII and Mg XI). The ratios of the two lines (0
VIII to Mg X1) were used as temperature diagnostics.

An emission measure was inferred from the temperature and the observed X-ray

fluxes. The electron density was then calculated using a volume of 3 x 1027 cn3,
which equals the product of the FCS pixel area and a typical soft X-ray scale
height of 3 x 107 cam.

The mean temperatures and densities are given in Table 2. We obtain average
values of Te = 2.6 * 0.1 x 106 K and Ne = 3.1 2 0.3 x 109 co~3 when averaged
over all the coronal loops or arcades cf loops. Here, the uncertainties correspond
to the zmaxiaoum possible deviation that reproduces the flux in all the detected
¥-ray lines to within 1 standard deviation of the observed values. The inferred
values of electron temperature and elegtron density are tvpical of those of
quiescent coronal active region loops. Within the uncertainties, the observed
loops were isothermal and isobaric, but there was a statistically uncertain

tendency for a hotter temperature at the loop apex.
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We may use the parameters derived from X-ray observations to estimate the j
optical depth and brightness temperature of the X-ray emitting plasma at radio
wavelengths. Assuming an isothermal source of electron temperature, To, and

optical depth, 71, the observed radio brightness temperature, Ty, will be given by

Tg = T Te for v << 1 (optically thin)

and (1)

Tg = [ 1 -~ exp (-1) ] Ta for t > 1 (optically thick).

The free-{ree optical depth, Tf_g, for an isothermal loop with electron

temperature, Te, and width or thickness, W, is (Lang 1980)

N 2W

e

Tfg-f = 9.8 x 1073 —————— In (4.7 x 1010
2 3/2
v Te

) (2)

Te
\%

where v 1s the observing frequency in Hz and Ng is the electron density in en~3.
Using v = 1.65 x 109 Hz, corresponding to the center of our line-like feature,
together with the X-ray values of To = 2.6 x 108 K and Ne = 3.1 x 109 cx~3 and

a typical loop thickness of W < 1 x 109 cm in equation (2), we obzain Teos € D.14.
The plasma is therefore opticzlly thin to thermzl bremsstrazhlung at this
freguency, and the bremsstrahlung brightness Ty < 3.6 x 103 K is an order of

magnitude lower than the observed brightness temperature.
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We must therefore examine the alternative possibility of thermal gyroresonance
radiation. The optical depth, Tg-r>» due to gyroresonance absorption is given by

(Zheleznyakov 1970):

2 n-l
nzn Vp kTe
Tg-r = 292 — —3 Ly (1 ¢ cosa)? sin2n-Ig (3)
2 n! cv mc

where n =1, 2, 3,... is the harmonic number, the plasma frequency vp = 8.9 x 103
1/2 o . -

Ne Hz, the velocity of light ¢ = 2.9979 x 10-Y cm s 1, Boltzmann's constant

k = 1.38 x 10716 erg K°1, the electron mass m = 9.1 x 10-28 g, the scale height

of the magnetic field is Ly, and a is the angle between the line of sight and

the direction of the magnetic field lines. Collecting terms, we obtain

n2n Ke n-1
- . -9 (&)
tg-r = 0.052 2n+1 ‘ =3 (1.7 x 10710 Te) g (1 2 cosa)? sin2h~2q !
The harmonic n is related to the observing frequency v and the magnetic field
strength H through the relation
\
!
v=2.8x% 10008 Hz (3)

For gyroresonance absorption to dominate free-free absorption at our

reference frequency v = 1.65 x 109 Hz, the lavers must be optically thick with |
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Tg-r » Tf-f = 0.14. We will adopt Ty = 1.0 and determine the harmonic number, n. If
we assume a magnetic scale height Ly = 1 x 109 cm and a = 65°, the solar longitude of AR
4663, then we may use these parameters together with the X-ray values of Ng = 3.1 x 109
cn~3 and Te = 2.6 x 106 K in equation (4) to obtain n = 4,

To put it another way, the fourth harmonic of the gyrofrequency becomes optically
thick to gyroresonance absorption with Tg ~ T, and Tg-r ? Tf-f. We can " use equation
(6) with n = 4 and v = 1,65 x 109 Hz to obtain a magnetic field strength of H = 147 G.
This is consistent with model calculations of the spectrum of another thermal cvclotron
line in which n = 4 or possibly n = 5, with H = 145 G or possibly H = 119 G (Willson
1985), but in the case presented here, we do not have to make ad hoc assumptions about
Ne and Tp.. Observations of these lines provide an unusually accurate method of
specifying the coronal magnetic field strength. For instance, the observed line half
width is only 80 mHz, indicating that H is known with a precision of better than 5 G or
H =147 =25 G.

However these are general arguments based upon homogeneous, isothermsl models.
When Table 1 and Figure 4 are examined in greater detail, we notice that
inhomogeneities a2re required. For exaample, the 20-cm brightness temperture, Tg, is
usually lower than the electron temperature, Te, suggesting that the radio emission from
the hot, optically thick loops is partially absorbed in a cooler external plasza. 1In
additiorn, the Ty at 1650 MZz is greazter than T,, suggesting a2 thin, hot

vroresonanace

&3
laver similar to that proposed by Willson (1985). The detailed radio spectrurm :Is
2 r b

probably due to a mixture of hot and cocl loops whose average properties are inferred

from X-ray observations.
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Here, we should point out that individual cvclotron lines are observed near the
apex of coronal loops where the magnetic field is relatively constant and a steep
temperature gradient may exist. Neutral currents might also play a role, leading to
intense radio emission from a relatively thin layer near the loop apex. The cyclotron

lines from loop legs will, however, exhibit a great deal of spatial structure if

the
loops are thin enough (Holman and Kundu 1985). Observations of thin loops at an oblique
angle with wavelengths of about 6 cm should lead to the spatial resolution of
cvclotron—emitting lavers along the loop legs, while observations of the loop apex at X

=~ 20 cm can resolve cyclotron lines in this region. Both techniques can provide a

powerful diagnostic of the magnezic and thermal properties of coronal loops.
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Simultaneous high-resolution observations of AR 4663 with the VLA and the SMM-FCS
indicate that the radiation at 20-cm and soft X-ray wavelengths originates from the same
region, and that 20-cm VLA maps can image X-ray coronal loops. The ¥-ray spectral lines
were used to infer an average electron temperature of about 2.9 * 0.1 x 10% ¥ and an
average electron density of 3.1 * 0.3 x 109 cmw~3. These parameters were used to show
that the lavers emitting 20-cm radiation can be optically thick to either thermal
sremsstrahlung or thermal gyroresonance radiation, depending upon unknown but plausible

values of loop thickness, magnetic scale height and magnetic field strength.

The absence of circular polarization suggests that these coronal loops are
optically thick at wavelengths near 20 cm and the detection of a line-like feature in
the radio spectrum indicates that gyroresonance absorprion exceeds free-free absorption.
This feature is attributed to a thermal cyclotron line. The X-ray values for Te and Ne

were combined with plausible values for gyroresonant optical depth and the magnetic

scale height to show that the 20-cm radiation is probably at the fourth harmonic of the
! gvrofrequency. The central frequency and relatively narrow width of the thermal
cvclotron line were combined with this harmonic to infer a magnetic field strength of
157 £ 5 G at the apexes of these coronal loops.
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Table 1. Maximum brightness temperatures, Tgpax, of the coronal loops within

AR 4336 at different radio frequencies.

Frequency TBmax Frequency TBaax
(MHz) (106 K) (MHz) (106 k)
1440 1.7 1620 2.8
1480 1.9 1658 3.8
1515 2.0 1690 2.4 '
[
1558 2.3 1705 2.0
)
{ 1585 2.2 1725 1.8

-
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Table 2. The mean electron temperature, To, and the mean electron density,

Ne, for the regions marked A, B, and C in Figure 5. Values averaged over

W™
all four regions are given at the bottom of each column.

Region Te Ne
(10% K) (109 cw3) r
b
E
A 2.8 2.1
[ ]
_ B 2.7 3.2
.
C 2.2 3.6
. |
Z
Average 2.6 3.1 :
|
) !
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FIGURE LEGENDS

Fig. 1. A comparison of 20 em (VLA-left), soft X-ray (SMM-FCS-center) and Ha

(SOON-right) images of AR 4663 on 1985 June 7. The field of view of all three

images is identical, and the identical angular scale can bhe inferred from the

60" spacing between fiducial marks on the axes. The contours of the 20 cm map
mark levels of equal brightness temperature corresponding to 0.2, 0.4,...1.0 times
the maximum brightness temperature of 1.8 x 105 K. The soft X-ray data were

taken in the 0 VIII line (18.9 ;) with contours corresponding to 3, 7, 14

and 24 counts s~ above a background level of 10 counts s-1

with a maximum signal of 18 counts 5‘1.

Fig. 2. The 20 cm contours of equal brightness temperature (solid black lines)
are superposed on a Kitt Peak National Observatory (KPNO) magnetogram of AR 4663
on 1985 June 7. The black magnetogram features indicate regions of negative
magnetic polarity with magnetic fields pointed in toward the Sun, while the white
magnetogram areas are regions of positive magnetic polarity with magnetic field
lines pointed out toward the observer. The KPND magnetogram is coutesy of

Jack Zarvey of the National Solar Observatory.

Fig. 3. VLA synthesis maps of the total intensity, I, of AR 4663 at 10 closely
spaced frequencies during a 9 hour period on 1985 June 7. The synthesized
beamwidth was about 3" x 47, and the spacing between fiducial marks on the axes
is 60". The map contours mark levels of equal brightness temperature, with an

outermost contour of 7.6 x 102 K and a contour interval of 3.8 x 10° K. The

maximum brightness temperatures are given in Table 1 and plotted in Figure 4.
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Fig. 4. The maximum brightness temperature of the coronal loops of AR 4663
at 10 closely spaced frequencies on 1985 June 7. The maximum temperatures
were inferred from the 9-hour synthesis maps shown in Figure 3, and the error
bars correspond to the peak-to-peak fluctuations in the background temperature
of the synthesis maps.

Fig. 5. A soft Y-ray map of AR 4663 taken in the 0 VIII line (18.9 A) with
contours corresponding to 3, 7 and 14 counts s”l. The image represents the
sum of two maps taken at 15:11 UT and 19:55 UT on 1985 June 7. Each map took
590 s to accumulate. The ratio of the 0 VIII and Mg XI line intensities were
used to determine the mean electron tecperature in the regions marked A, B,
and C. These temperatures are given together with estimates for the mean

electron density in Table 2.
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Figure 5.
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